ABSTRACT Monitoring gonad maturation for protandrous and functional hermaphrodite species such as the giant clam Tridacna maxima is difficult due to the juxtaposition and relative proportion of male and female tissues in the gonad [gonadal sex ratio (GSR)]. Here, the relevance of the widely used gonadosomatic index (GSI) as proxy of giant clam gonad maturation is tested with a large dataset (n ¼ 265). Gonadosomatic index is compared with other indices, namely the proportion of the male part harboring spermatozoids, the proportion of empty oocyte follicles, the mean oocyte diameter, and the oocyte elongation. At gonad scale, high index variability highlighted partial spawning. At individual scale, male and female maturation proxies were contrasted, showing either asynchronous emissions of male and female gametes or contrasted spermatogenesis and oogenesis duration. The GSI was mostly driven by the number and diameter of oocytes and therefore it is recommended here as primary proxy for female maturity. Except for the oocyte elongation, all indices were affected by the GSR, which ruled out drawing conclusions at population scale. These results highlight the need for maturation stage proxies that are optimized for functional hermaphrodite species.
INTRODUCTION
The reproduction of molluscan bivalves has been closely studied in the past decades to support management decisions (Byrne 1998 , Beasley et al. 2000 , Hold et al. 2013 , pest control (Ram et al. 1996) , and to enhance aquaculture farming (Joaquim et al. 2008) . Past studies mostly attempted to establish methods for spawn induction (Gibbons & Castagna 1984 , V elez et al. 1990 , Mies & Sumida 2012 , Navneel & Azam 2013 , to characterize gamete release and spawning behavior (Jameson 1976 , Marteil 1976 , Andr e & Lindegarth 1995 , to evidence seasonality in reproductive competence (e.g., Marteil 1960 , Grant & Tyler 1983 , Beasley et al. 2000 , Pouvreau et al. 2000 , and to identify potential high reproductive areas (Williams & Babcok 2010 , Hold et al. 2013 .
Gonad maturation can be used as a proxy of reproductive activity. Specifically, monitoring the ratio of immature versus ripe and spent gonads provides useful information on the spawning season (Ram et al. 1996 , Beasley et al. 2000 , whereas spatially structured sampling may help in the detection of reproductive success differences among sites and habitats (Hold et al. 2013) .
In practice, gonad maturation can be assessed using a variety of tools. The simplest proxy of gonad maturation is the gonadosomatic index (GSI), usually defined as the ratio between gonad weight and flesh biomass (Shelley & Southgate 1988 , Pouvreau et al. 2000 , Gagn e et al. 2003 . Shell height can also be used instead of flesh biomass (Williams & Babcok 2010 , Hold et al. 2013 . The GSI assumes that the weight of ripe gonads is greater than immature and spent gonads. This was demonstrated for bivalves (Urban & Riascos 2001) and other taxa as well (Rheman et al. 2002) . Gonad maturation can also be apprehended through gamete shape, size, and stage of gametogenesis, using gonad biopsy (Braley 1984) and histology (Juhel et al. 2003 , Popovic et al. 2013 , Lacoste et al. 2014 . For instance, female maturity has usually been described according to oocyte diameter and perimeter (Grant & Tyler 1983 , Popovic et al. 2013 , whereas male maturity has been determined using semiquantitative indices related to spermatogenesis stages (Jameson 1976 , McKoy 1980 , Richard 1982 , Nash et al. 1988 .
Proxies of gonad maturation have been validated for short life species with a protandrous life cycle such as the Cockle Clinocardium nuttallii (Conrad, 1837) (Gallucci & Gallucci 1982) , the silverlip pearl oyster Pinctada maxima (Jameson, 1901) (Rose et al. 1990 ), the European oyster Ostrea edulis (Linnaeus, 1758) (Marteil 1976) , and the warty venus Venus verrucosa (Linnaeus, 1758) (Popovic et al. 2013) . The determination of a reliable proxy for functional hermaphrodite species is, however, still lacking to date. For the functional hermaphrodite Pectinidae, Barber and Blake (2006) reviewed macro-and microscopic indices of gonad maturity. They concluded that the most common methods were gonad visual examination [Mason (1958) for Pecten maximus (Linnaeus, 1758)] and measurement of mean oocyte diameter [for Argopecten irradians (Lamarck, 1819) (Sastry 1970 , Barber & Blake 1981 , Barber & Blake 1983 , Barber 1984 ]. These functional hermaphrodite species, however, have clearly separated male and female tissues in the gonad, and the reported indices were only suitable for unisexual tissues. Nash et al. (1988) studied gonad maturation of the giant clam Tridacna gigas (Linnaeus, 1758) (subfamily Tridacninae) by qualitatively characterizing the maturity stages of male and female tissues. They highlighted that (1) male and female tissues were mixed and juxtaposed in the gonad, (2) spermatogenesis and oogenesis were not synchronous, and (3) maturation was not homogeneous at intragonad scale. These observations show that there is no meaningful gonad maturation index that is robust in all situations. Moreover, the progressive proliferation of female tissues against male tissues in the course of the life of a protandrous individual may interfere with maturity stages and thus may complicate the analyses.
The giant clam is a long-lived species with continuous growth over its lifetime that obeys a Von Bertalanfy growth curve (Richard 1982 , Smith 2011 . The maximum reported sizes range from 33 to 137 cm for, respectively, the small species Tridacna maxima (R€ oding, 1798) (Lewis et al. 1988 ) and the large Tridacna gigas (Griffiths & Klumpp 1996) , the latter being the largest bivalve species on the planet. Giant clams differ from other bivalves as most of the carbon necessary for growth and reproduction comes from their symbiotic zooxanthellae (Griffiths & Klumpp 1996) . The giant clam T. maxima is a protandrous hermaphrodite (Jameson 1976) . It first matures as male between 5-7-13 cm (Richard 1982) , then it has both sexes during most of their life. Very old individuals usually harbor female tissues only (Richard 1982) . During the functional hermaphroditism phase of their life cycle, clams can spawn successively spermatozoa and eggs, with a 30-min time gap to avoid self-fertilization (McKoy 1980 , Mies & Sumida 2012 . This functional phase is the focus of this study; therefore, giant clams are considered here as functional hermaphrodites.
To date, giant clam gonad maturation has only been assessed on the basis of qualitative and semiquantitative proxies of maturation stages (Nash et al. 1988) , and the robustness of these proxies has yet to be analytically verified taking into account the giant clamÕs specific traits. In this study, a panel of quantitative proxies of gonad maturity for Tridacna maxima is first defined. Then, their robustness against the giant clamÕs particular reproductive features is assessed. Specific attention is paid to the relative proportion of female versus male tissues in the gonad, which is referred to hereafter as the gonadal sex ratio (GSR). For this, the variability of indices at gonad scale (i.e., intraindividual variability) is characterized. Then, at individual scale, the relationship between the tested proxies of maturity (i.e., male, female, and GSI) and GSR is assessed. Finally, considering the observed variability at intra and interindividual scale, as well as practical measurements and monitoring issues, the relevance of these indices as proxies of gonad maturity at population scale is assessed and discussed.
MATERIALS AND METHODS

Ethics Statement
Giant clam collections for this study were authorized by French Polynesia Ministerial Order no. 2850/MRM.
Sample Collection
Giant clam samples were collected at Tatakoto atoll (17.3°S, 138.4°W), in the Tuamotu Archipelago in French Polynesia (Fig. 1A) . In November 2012, 25-45 specimens were collected from nine sites distributed throughout the lagoon (Fig. 1B) . A larger number of samples were collected in the eastern enclosed part of the lagoon (45 and 44 clams for stations 11 and 14, respectively) because giant clams are more abundant in this area (Gilbert et al. 2006 , Andr efoue¨t et al. 2013 .
For each giant clam, the maximum shell size and the biomass of the wet flesh were measured with the byssus still attached. The byssus is made of filaments secreted by the clam to attach itself to a hard substratum. Wet flesh biomass without byssus was computed using a previous relation between flesh weights with and without byssus established from 85 individuals from the same atoll (Fig. 2) . Gonads (including the digestive gland) were retrieved, weighed to the nearest 0.1 g, and fixed using a 10% formalin (i.e., 4% formaldehyde) solution.
Histological Treatment
Histological treatments followed Howard and Smith (1983) . The gonad samples were dehydrated by successive bathing in 70%, 80%, 95%, and 100% ethanol before inclusion in paraffin blocks (with Leica ASP300 and Leica EG1150 machines). Each gonad sample was sectioned across its longitudinal median axis using a microtome Leica RM2135 (5-mm sections). All sections were stained with eosin and hematoxylin for microscope observation (with Leica AUTOSTAINER XL).
GSR and Gonad Maturation
Five proxies of maturity stage were tested in this study. First, the GSI was defined by the ratio of gonad wet weight (W gonad ) to the flesh biomass without byssus (W biomass ) (Eq. 1). Because gonadal tissues cannot be easily isolated from the digestive gland, W gonad included both the weight of the gonad and the weight of the digestive gland.
Second, for each histological gonad section with mature tissues and depending on the slide area, up to three 1310 3 980 mm pictures (3100 microscope magnifying) were taken in alignment for each of the anterior, posterior, and middle gonad regions. This provided up to nine picture snapshots of the gonad. Pictures were taken using the software Leica Application Suite 3.7.0. For each picture, the GSR (see below) and the maturity stages of both male and female tissues were measured. For each index, a gonad-scale mean value was computed by averaging the (up to) nine values.
In each picture, the GSR was semiquantitatively defined as the proportion of male tissues versus female tissues using the legend keys presented in Table 1 and illustrated in Figure 3A -E.
The male tissue maturity stage (referred to hereafter as ''SPZ'' index) was characterized semiquantitatively by the proportion of male tissues with spermatozoa compared with male tissues without spermatozoa (Table 1, Fig. 3F-H) .
The female tissue maturity stage was characterized by the proportion of empty oocyte follicles (referred to hereafter as ''EOF'' index, Fig. 4A, B) .
For the female part, maturity stages were also characterized at individual scale using oocyte size and shape, as presented by Grant and Tyler (1983) . The longest and shortest diameters for a maximum of 30 oocytes were measured along the longitudinal axis of the gonad section (3200 microscope magnification). Measurements were taken only for oocytes with a visible nucleolus, as recommended by Lango-Reynoso et al. (2000) (Fig. 4) . Then, two female maturation proxies were computed: the oocyte mean diameter (referred to hereafter as ''Ø'' index, as the mean between the longer and shorter oocyte diameters) and the oocyte elongation (referred to hereafter as the ''l/L'' ratio, as the ratio between the shorter and longer oocyte diameters). The oocyte l/L ratio can be a relevant maturity index, because oocytes are elongated at the beginning of their development and become rounder during their growth (Norton & Jones 1992) .
Characterizing the Variability of Maturation Indices
The variability of maturation indices was characterized at three different scales.
At gonad scale, the spatial maturity stage autocorrelation was investigated by measuring the correlation between a 9 3 9 weighted neighbor distance matrix and the 939 distance matrix that summarized the maturity stage differences computed for each pair of pictures. For the weighted neighbor matrix, the weights are set to 1 and 1.5 for pictures, respectively, separated by a horizontal/vertical path, and a diagonal path. The ''mantel. rtest'' function of ''ade4'' package in R 3.1.0 was used to test the correlation between the two matrices.
At the scale of an individual, the correlation of maturity indices to GSR (i.e., the mean value of all pictures) was tested by modeling the maturity indices as a smooth function of GSR using the ''gam'' function of package ''mgcv'' in R 3.1.0. The significance of the relationship was tested on the basis of the ''summary'' function. The correlation between each maturity index (i.e., GSI, SPZ, Ø, l/L, and EOF) was also tested, using a nonparametric Kendall correlation test. Because GSI could be influenced by both female and male tissues, and by the relative proportion of female versus male tissues in the gonad, a generalized linear model determined which variables related to male maturity, female maturity, or GSR most influenced GSI. The ''glm'' function of ''stats'' package in R 3.1.0 was used. The start model included all parameters (i.e., GSR, SPZ, Ø, l/L ratio, and EOF), and the significance of each parameter was assessed using the P value given by the ''summary'' function. The model was rerun without the nonsignificant terms, and the Akaike Information Criterion (AIC) was used to select the best model. Finally, to consider the variability at population scale, the mean values of all indices and their distributions were compared between the nine stations. The ''boxplot'' function of package ''graphics'' in R 3.1.0 was used. Considering the small size, isolation, and lagoon enclosure of the Tatakoto atoll (Fig. 1) , only a single population was considered for the entire lagoon. The comparison of maturity indices between stations provided a basis for measuring the inter-and intrastation variabilities, and therefore whether a restricted number of stations could be representative of the entire lagoon.
RESULTS
Intra-Gonadal Variability of Maturation Stages
At gonad scale, the SPZ and EOF indices were heterogeneous, with pairwise differences between pictures covering the entire range of values (0-2 and 0-1 respectively, Fig. 5 ). In both cases, however, the frequency of paired distances was higher for low pairwise differences. This suggests that the nine pictures frequently provided coherent values for SPZ and EOF indices at gonad scale. Spatial autocorrelation Mantel test P values at intragonad scale ranged from 0.02 to 1, and were significant for a small number of giant clams (Table 2 ). This confirmed that little spatial variations occurred for these two indices.
Inter-Individual Variability of Maturation Stages
Male tissue in gonads could be found for specimens as small as 2 cm. Mature male tissue was found for specimens as small as 2.5 cm. Rare and patchy distributed oocytes were recorded for some 5-cm-long giant clams, with progressive proliferation of female tissue when giant clams grew larger. The GSR index was therefore a slightly increasing function of the maximum shell length (Fig. 6A) , reflecting the progressive shift from dominant male tissues toward dominant female tissues.
All indices but the oocyte l/L ratio were significantly influenced by GSR (Table 3 ). In particular, small Ø values and highly variable EOF values corresponded to gonads dominated by the male parts (i.e., low GSR, Fig. 6D, F) , highlighting a low robustness of these indices to GSR. The GSI was more robust, with only 3.5% of its deviance explained by GSR (Table 3 ), but the relationship was significant with low values of GSI for gonads dominated by the male part (Fig. 6B) .
Gonadosomatic Index was positively correlated with Ø, but negatively correlated with SPZ and EOF (Table 4 ). This finding suggested that GSI essentially reflects the oocyte weight. Similarly, the simple model which expressed GSI as a function of Ø and EOF was selected because it provided only a negligible increase of AIC compared with the start model (Table 5 ). This reduced model suggested that GSI was essentially driven by the female part of the gonad, with high GSI values when oocyte follicles were filled with large oocytes.
No relationships could be evidenced between male and female maturity stages except between SPZ and EOF (t ¼ -0.14, P < 0.01, Table 4 ). In contrast, it was found that various indices of female maturity were in agreement with Ø significantly correlated with the oocyte l/L ratio (t ¼ 0.17, P < 0.01, Table 2 ) and EOF (t ¼ -0.12, P < 0.05, Table 4 ).
Maturity Stages at Population Scale
The GSR distributions and mean values, as well as maturity indices for every station, are presented in Figure 7 . Contrasted values of GSR were observed between stations (Fig. 7A) . Giant End of spermatogenesis Fully formed spermatozoa that represent more than half of the male tissue surface area (Fig. 3H) clams mainly dominated by the male tissues occurred at stations 21 and 28, whereas giant clams dominated by the female tissues occurred at station 19. This resulted in high estimates of the proportion of spermatozoids (SPZ, Fig. 7C ), small oocytes (Ø, Fig. 7D ), high variability in oocyte shape (l/L oocyte ratio, Fig. 7E ), and finally a high proportion of empty follicles (EOF, Fig. 7F ), especially for station 21. The weight of the gonad was low relative to the body weight for this station (GSI, Fig. 7B ).
DISCUSSION
GSR over a Lifetime
Previous studies on giant clam reproduction classified individuals as immature, male, female, and hermaphrodite (Nash et al. 1988) . Here, these different states were found at various locations within a single gonad. This confirmed that change from one state to another is a continuous process, with progressive oocyte proliferation in the gonad when giant clams grow larger (Fig. 6A) . The interindividual variability was high, with only 40.5% of the GSR variability explained by size. This suggests that other complex processes, possibly environmentally driven processes, control sex determination. Sex determination of bivalves can be influenced by a variety of factors (Yusa 2007) , including genetic determination, temperature and food stresses (ChavezVillalba et al. 2011), environmental factors (temperature, dissolved oxygen, chlorophyll, salinity, etc.; Marteil 1960 , Cano et al. 1997 , and associations with conspecifics (Collin 1995) . As such, a complete model of maturation across time and scales for the functional hermaphrodite giant clams requires substantial new ecophysiological investigations.
The functional hermaphrodite phase of Tridacna maxima spans most of the giant clamÕs lifetime, with the male sensu stricto (i.e., without any oocyte observed) phase usually found only for 1-to 3-y-old (2-7 cm) individuals (Fig. 6A) . These results have implications for fishery management. For instance, the 12 cmminimum size limit for capture in French Polynesia appears suitable to maintain production of both male and female gametes and a balanced sex ratio. Male tissues were present in the gonad of giant clams no longer than 2 cm. Conversely, male tissues also remained present (albeit in small proportion) even for the largest individuals sampled in this study (20 cm) . This is in contrast with the findings of Richard (1982) from Takapoto atoll where clams longer than 15 cm only yielded female tissue. This atoll is famous for the dwarfism of its bivalves (Zanini 1994) , and a 15-cm clam at Takapoto is probably much older than a clam of similar size at Tatakoto.
Robustness of Maturity Stages to GSR
The functional hermaphroditism of giant clams is a serious challenge for establishing relevant and accurate maturity stage indices. The progressive increase of female tissues in the gonad when giant clams grow larger biased the GSI and almost all proxies of female maturation tested in this study. Specifically, whereas oocytes could be recorded for giant clams as small as 5 cm, gonads dominated by male tissues yielded underestimated values of oocyte diameters and highly variable EOF (Figs. 6D,  F and 7D, F) .
It is uncertain whether the positive relationship between Ø and GSR was induced by physiology (the larger the clam, the larger the oocytes), reproductive competence (oocyte present in low GSR gonads are not mature), or oocyte measurement errors (small oocytes were more easily missed when surrounded by larger ones). Nevertheless, this study suggests that caution is necessary when using Ø as proxy of female maturation from a pool of giant clams of various sizes and at various GSR stages. Similarly, the EOF index was highly variable for male tissuedominated gonads (GSR < 1.5) in which scarce and patchy oocyte follicles were too few to adequately estimate female maturity. Our attempts to accurately characterize maturity stages were challenged by a number of factors. First, confusion between stages could arise when massive spawn drained all the spermatozoids from gonads dominated by the female part. In this case, it is difficult to differentiate a spawned hermaphrodite gonad from a gonad harboring female tissues only. It is worth pointing out that fully female gonads are rare (none were found in this study) and only found for very old (or very large) individuals (Richard 1982) . This fact helps in differentiating the two stages. Second, confusion may also arise when tissues are not fixed properly. Fixative (formalin) seldom penetrates to the center of large gonad samples. Unfixed gonad tissue should be discarded, because it is uncertain whether empty follicles or absence of spermatozoids in a gonad result from a spawn event or from the collapse of the structure when cutting the gonad. Alternatively, fixative can be directly injected into the sample with a syringe (Etheridge 1996) and this protocol should be preferentially applied.
Heterogeneity of Maturity Stages at Gonad Scale
Gonad scale maturation stages were highly variable in this study (Fig. 5) . In other words, one individual could display several maturity stages depending on the gonad area. This suggests that for giant clams, either a partial or a complete draining of the gametes may occur during a spawning event. The same patterns were observed for the pearl oyster Pinctada margaritifera (Linnaeus, 1758) at Takapoto atoll (Pouvreau et al. 2000) . Few studies have thus far investigated the variability of maturity stages at intragonadal scale for bivalves. To our knowledge, only Nash et al. (1988) and Delgado and P erezCamacho (2007) have studied maturation stages inside the gonads of the giant clam Tridacna gigas and the clam Ruditapes philippinarum (Adams & Reeve, 1850), respectively. Both studies concluded that a high variability of maturation stages occurred. The latter study showed during laboratory experiments that three different reproductive phases could frequently occur within the same individual.
Partial spawning, in addition to rapid and always active gametogenesis (<28 days for Crassostrea sp., Wintermyer & Cooper 2007) , may explain the continuous reproductive competence and low spawning seasonality reported for most tropical bivalves (Lefort & Clavier 1994 , Pouvreau et al. 2000 , Urban 2000 . For the giant clam, thus far, the spawning n is the number of specimens for which a test could be applied. Tests are considered significant when P < 0.05. periods and their triggers in the wild have not yet been identified (Bell & Pernetta 1988 , Braley 1988 , Nash et al. 1988 , Soo & Todd 2014 . In fact, it has been rather argued that the low temperature contrast between seasons in the tropics induces continuous gametogenesis (Pouvreau et al. 2000) . The high heterogeneity of maturity stages in gonads found in the present study suggests that only partial spawning events have occurred before the gonad sampling.
Unfortunately, this study cannot shed light on seasonal periodicity and temporal variation, because all individuals were sampled during a single period (in November 2012). Further investigations should assess gonad maturity variability through time. Spatially, except for few stations where unusual values of GSR were measured (e.g., station 21), maturity indices were congruent throughout Tatakoto lagoon. This suggests that the sampling effort for the monitoring of gonad maturation could be spatially limited with a low number of stations.
Phases between Male and Female Maturity Stages
The male and female maturity stages could not be related in this study. This may be partly due to the semiquantitative versus quantitative nature of the indices established for male and female maturity, respectively. A meaningful comparison between SPZ and Ø could be made by translating the absolute oocyte diameters values into semiquantitative values [see Lango-Reynoso et al. (2000) for an example with the Pacific oyster Crassostrea gigas (Thunberg, 1793)]. Similar differences between male and female maturity stages were also found for Tridacna gigas on the basis of semiquantitative indices only (Nash et al. 1988) , highlighting a nonsynchrony between spermatogenesis and oogenesis.
A nonsynchrony between male and female maturation stages can effectively occur if spermatogenesis and oogenesis durations differ. Wintermyer and Cooper (2007) provided a similar duration required for spermatogenesis and oogenesis (28 days) for Crassostrea virginica (Gmelin, 1791). Unfortunately, similar estimations are not yet available for the giant clam functional hermaphrodite. The nonsynchronic spawning of male versus female gametes can, however, also explain the nonsynchronic maturation stages. Most studies in experimental facilities describing the spawning behavior of Tridacna maxima reported emission of male gametes followed by emission of female gametes 15-30-60 min later (McKoy 1980 , Garen 2003 , Mies & Sumida 2012 , but it seems likely that the female gamete spawn is not systematic. In the preliminary experiments of the present study, only male gamete emissions were observed for several hermaphrodite individuals (SVW observations).
The Use of GSI as Proxy of Maturation Stage
The GSI, as well as other related indices (e.g., Relative gonad to shell height, Hold et al. 2013) , has been widely used for characterizing the gonad maturation of bivalves (Shelley & Southgate 1988 , Gagn e et al. 2003 . The gonad size is also commonly considered as a proxy of reproductive activity by local fishermen at Tatakoto atoll (SVW observations). In this study, it is highlighted that for Tridacna maxima, GSI is mainly influenced by the number and size of the oocytes, and does not follow the patterns of male maturity. This has profound implications for future research on the giant clamÕs reproduction. First, giant clam studies that concluded on male and female maturation stages using GSI should be reconsidered (Shelley & Southgate 1988) . Second, because oocyte diameter and the proportion of oocyte empty follicles explained more than 54% of the GSI variability, GSI can be used as a first proxy of female maturity when no histological treatment can be performed.
In addition to the relationship between GSI and the female maturity stage, GSI also presents a number of practical advantages. First, GSI measurements are quick and inexpensive to perform compared with histological treatments and oocyte measurements. Second, GSI is calculated from the flesh biomass and the gonad weight, which are both quantitative measurements independent of any arbitrary decision when defining maturity stages. According to the present study, GSI is relatively robust to GSR compared with other indices. Finally, unlike gonad sections that are often performed in an arbitrary area of the gonad (usually the middle), GSI integrates information on maturity stages for the entire gonad. This is particularly relevant considering the intragonadal heterogeneity of the maturity stage.
Conclusion and Recommendations for Future Research
The present study is a methodological gap-filling step toward a better characterization of the reproduction of functional hermaphrodite bivalves. The asynchronous maturity of male and female tissues suggested by Nash et al. (1988) for Tridacna gigas is confirmed for Tridacna maxima. High heterogeneity of maturity stages at intragonadal scale is also highlighted. It is shown that the coexistence of male and female tissues in the gonad bias most maturity stage proxies used for other bivalves, which calls for an optimized protocol. Specifically, GSI and proxies for female maturity (oocyte diameter, EOF) were more accurate after female tissues had spread throughout the gonad, which is usually achieved for a shell length of 12-14 cm.
Future research should focus on characterizing the temporal (including seasonal) fluctuations of giant clam maturity stages Stars indicate significant tests (*** P < 0.001, ** P < 0.01, * P < 0.05). Generalized Linear Models tested to explain GSI values.
Model tested AIC Significant variables
Residual deviance and their relationship with environmental forcing. This will be critical to understand the renewal of wild populations. A number of recommendations from gonad sampling to histological analyses can be made. First, sampling should ideally target a pool of specimens of homogeneous sizes. For remote islands, where small specimens are protected (as in French Polynesia) and large specimens increase travel costs and fixation constraints, sampling 12-14 cm giant clams is recommended. Fixative should be injected inside the gonad to ensure a thorough and complete fixation of gonad tissue. Unfixed samples should be discarded. Second, GSI should be used as the primary proxy for female maturity. It provides relevant and easily assessed information on female reproduction, which is the focus of many population dynamic models. Third, when histological snapshots of gonads are not subject to cost limitations, they should be performed at various gonad locations for the sake of representativeness. Longitudinal cuts through the middle of the gonad provide a fair compromise between covered surface and cost. In this case, indices characterizing the shape and size of oocytes are of interest (e.g., the mean oocyte diameter, perimeter, l/L ratio, or area). Fourth, indices should always be assessed with consideration of GSR to avoid bias. Specifically, interpretation of female maturity stages should be performed on clams that are dominated by the female part. These recommendations provide new foundations for future studies on giant clam populations and for other molluscs with similar reproductive strategies as well.
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